Animals must be able to find and evaluate food to ensure survival. The ability to associate a cue with the presence of food is advantageous because it allows an animal to quickly identify a situation associated with a good, bad, or even harmful food. Identifying genes underlying these natural learned responses is essential to understanding this ability. Here, we investigate whether natural variation in the foraging (for) gene in Drosophila melanogaster larvae is important in mediating associations between either an odor or a light stimulus and food reward. We found that for influences olfactory conditioning and that the mushroom bodies play a role in this for-mediated olfactory learning. Genotypes associated with high activity of the product of for, cGMP-dependent protein kinase (PKG), showed greater memory acquisition and retention compared with genotypes associated with low activity of PKG when trained with three conditioning trials. Interestingly, increasing the number of training trials resulted in decreased memory retention only in genotypes associated with high PKG activity. The difference in the dynamics of memory acquisition and retention between variants of for suggests that the ability to learn and retain an association may be linked to the foraging strategies of the two variants.
Learned associations such as identifying odors as indicators of food, or showing preferences for food-related odors, are conserved across diverse taxa from humans and mice to slugs, honeybees, and fruit flies (Ache and Young 2005) . The fruit fly Drosophila melanogaster can use odors as cues for the presence of both a food reward and an aversive stimulus (Tempel et al. 1983; Scherer et al. 2003; Schwaerzel et al. 2003; Margulies et al. 2005; McGuire et al. 2005; Kim et al. 2007 ). Identifying genes underlying these natural learned responses is essential to understanding this ability. Here, we use classical reward conditioning to investigate how natural variation in the foraging (for) gene affects acquisition and decay of memory in D. melanogaster larvae.
for encodes a cGMP-dependent protein kinase (PKG) (Osborne et al. 1997) . In mammals, PKG is important for proper induction of long-term potentiation (LTP) and long-term depression (LTD) (Hartell 1994; Zhuo et al. 1994; Lev-Ram et al. 1997; Arancio et al. 2001; Fiel et al. 2003 Fiel et al. , 2005 Kleppisch et al. 2003; Hofmann et al. 2006) . Although LTP and LTD are thought to be important mechanisms underlying learning and memory (Whitlock et al. 2006) , few studies have shown a direct role for PKG in learning and memory. This study aims to do this by investigating how learning differs between allelic variants of for in Drosophila larvae.
for is an ideal candidate to study how natural genetic variation can affect learning and memory, since natural for variants exist that have subtle but significant variations in PKG activity (Osborne et al. 1997) . The rover variants of for (for R ) have higher for transcript levels and higher PKG activities compared with the sitter variants of for (for s ) (Osborne et al. 1997) . These variations in PKG activity account for major behavioral differences between the variants (Osborne et al. 1997) . Rover variants move more within a food patch and are more likely to leave one food patch in search for another, whereas sitter variants move less within and between food patches (Sokolowski 1980 (Sokolowski , 2001 . Thus, establishing how the variants of for associate a cue with a taste reward may consequently reveal more about how associative reward conditioning is modulated in a natural population, as well as clarify the relationship between learning, memory, and foraging behavior in a natural environment.
Results
The role of for in olfactory reward conditioning
We evaluated the role of for in mediating the relative preference for olfactory or light stimuli as a function of their previous association with a positive taste reward (Garcia et al. 1968 ) by comparing the role of for in olfactory and visual conditioning. To investigate the role of for in olfactory conditioning, we used a reciprocal training protocol, where a group of 30 larvae received three 1-min pairings of fructose-agarose with propyl acetate (PA) and plain agarose with butanol (BUT), and simultaneously, another group of 30 larvae received three 1-min pairings of fructose-agarose with BUT and plain agarose with PA (Scherer et al. 2003; Neuser et al. 2005) . Each group was then given a 3-min choice test between PA and BUT, and a preference index (PI) for PA was calculated by subtracting the number of larvae on the BUT side of the plate from the number of larvae on the PA side of the plate and dividing this by the total number of larvae on the plate (Scherer et al. 2003; Neuser et al. 2005) . A learning index (LI) was calculated by subtracting the preference index of the larvae that received BUT paired with fructose from the preference index of the larvae that received PA paired with fructose and dividing that number by two (Gerber et al. 2004a; Neuser et al. 2005) . Thus, a learning index of zero indicated that no associations were formed, whereas a learning index significantly greater than zero indicated a positive association between conditioned stimuli and reward. PA and BUT were chosen, as they were unlikely to be odor equivalents; in larvae they are detected and processed by different combinations of peripheral and central structures (Kreher et al. 2005 ). In addition, we found that larvae of the natural rover (for R ), sitter (for s ), and sitter mutant (for s2 ) strain, which was generated on a rover genetic background (de Belle et al. 1989; Pereira and Sokolowski 1993) , do not differ significantly in their response to these odors (below).
As (1,24) = 19.78, P < 0.0001, ANOVA F (2,33) = 0.40, P = 0.68). All strains preferred PA over BUT, and once again, there were no significant strain differences in their preference (Fig. 1A, iii) We further determined whether responses to the fructose reward used in these olfactory conditioning assays differed between rovers and sitters. Specifically, we tested whether for plays a role in sensitivity to our fructose reward (2.0 M fructose) using a choice test between 2.0 M fructose and dH 2 0, and found that both for R and for s larvae preferred 2.0 M fructose to dH 2 0 (Fig. 1B (1,28) = 23.16, P < 0.0001). Importantly, there were no significant differences between strains for the 2.0 M fructose reward used in our conditioning assays (Fig.  1B ) (ANOVA F (2,39) = 0.37, P = 0.69).
Once we established that the larvae did not differ in their response to the olfactory cues or the fructose reward, we tested whether rovers and sitters differed in their ability to associate an olfactory stimulus with the presence of fructose. We found that rover (for R ) larvae had a significantly higher LI than for s ( Fig. 1C ) (ANOVA F (2,45) = 4.32, P = 0.019, SNK P = 0.015) and for s2 larvae (SNK P = 0.014). There were no significant differences in LI between for s and for s2 larvae (SNK P = 0.98), suggesting that the increase in LI in rovers is specific to the for locus. Intriguingly, the difference in LI between rovers (for ) is not due to an extremely high LI in rovers, but seems to be due to no significant LI in sitters ( (1,32) = 0.11, P = 0.74). The results therefore suggest that natural variation in for affects olfactory conditioning and that sitters have a decreased ability to form an association between an olfactory cue and fructose reward compared with rovers when trained with a small number of training trials.
Further evidence of for's role in olfactory conditioning was found in our transgenic experiments. We increased the expression of the T2 transcript of for in for s larvae using a hsGAL4 at 23°C (K.R. Kaun, C.A.L. Riedl, M. Chakaborty-Chatterjee, A.T. Belay, S. Douglas, A. Gibbs, and M.B. Sokolowski, in prep.) and found an increase in LI (Fig. 1D ). We found that for s ;UAS-T2/ hsGAL4 larvae show significantly greater LI than control larvae, for s ;UAS-T2/+ and for s ;+/hsGAL4 larvae ( Fig. 1D ; ANOVA F (2,34) = 6.19, P = 0.0051, SNK for s ;UAS-T2/hsGAL4 vs. for s ;UAS-T2/+ P = 0.0034, for s ;UAS-T2/hsGAL4 vs. for s ;+/hsGAL4 P = 0.0057). There were no significant differences between for s ;UAS-T2/+ and for s ;+/hsGAL4 larvae (SNK P = 0.89). Once again, we found that larvae with increased expression of for (for s ;UAS-T2/hsGAL4 larvae) showed a LI greater than zero, whereas sitter larvae (for (1,24) = 2.19, P = 0.14).
The results of our genetic and transgenic studies show that natural variation in the for gene affects olfactory reward learning, thereby directly implicating PKG in learning. for plays a role in olfactory conditioning, where only relatively higher levels of activity of PKG allow association between an odor and taste reward when larvae are trained with three 1-min trials.
The role of for in visual reward conditioning
To investigate the role of for in visual conditioning, we gave larvae three 1-min pairings of light and fructose, and alternate three 1-min pairings of plain agarose with dark in one group of animals. Simultaneously, another group of 30 larvae received three 1-min pairings of fructose-agarose with dark and plain agarose with light (Gerber et al. 2004a ). The LI was calculated as above.
We first tested whether for played a role in sensitivity to light. We found that for R , for s , and for s2 larvae all preferred dark over light ( Fig (1,24) = 6.99, P = 0.0082), and there were no significant differences between strains for the preference to dark ( Fig. 2A ; ANOVA F (2,33) = 0.29, P = 0.75).
Once we established that the larvae did not differ in their response to the fructose reward (see above) or the light stimuli, we tested the ability of larvae to associate the presence of light or dark with fructose. We found no significant differences in LI between rovers (for R ) and sitters (for s , for s2 ) ( Fig. 2B ; ANOVA F (2,51) = 0.12, P = 0.89). Interestingly, we found for R showed a LI greater than zero, but for s did not ( (1,36) = 5.92, P = 0.015). We speculated that this lack of effect might be due to the small LI values that we obtained using three 1-min pairings between the visual stimulus and fructose reward. In an attempt to increase the value of the LIs, we increased the time in which either the reward or plain agarose plate was paired with the presence of light and dark from 1 to 2 min. When we did this, we once again found no significant differences in LI between strains, although with this longer pairing time, all larvae showed LIs significantly greater than zero ( Fig. 2C (1,21) = 10.44, P = 0.0012). Although these results do not rule out the possibility that for plays a role in visual conditioning, they suggest that for does not play a robust role in larval visual reward conditioning. As a result, we decided to focus the remainder of our studies on olfactory conditioning.
for acts through the mushroom bodies to mediate olfactory conditioning
The mushroom bodies are important in mediating olfactory conditioning in Drosophila (Heisenberg et al. 1985; Gerber et al. 2004b; Davis 2005; Honjo and Furukubo-Tokunaga 2005; Margulies et al. 2005; McGuire et al. 2005) . Previous research has suggested mushroom-body independent pathways for visual conditioning, but not olfactory conditioning (Wolf et al. 1998; Lui et al. 2006 ). Since we did not find a robust role for for in larval visual conditioning and the mushroom bodies are necessary for olfactory conditioning, we hypothesized that for may play a role in mushroom-body mediated olfactory conditioning. FOR is expressed in the mushroom-body neuropiles and calyx, providing further indication that for may affect memory acquisition via the mushroom bodies (Belay et al. 2007 ).
We tested this by quantifying olfactory conditioning when increasing expression of for-T2 in the mushroom bodies in for s larvae using the mushroom-body GAL4 drivers 201Y, H24, c739, and 30Y (Yang et al. 1995; Melzig et al. 1998) . Figure 3A depicts the expression pattern in the mushroom bodies of each of these drivers in mid-third instar larvae. Increasing expression of for-T2 in a 201Y, H24, and c739 pattern significantly increased LI in larvae trained with three 1-min intervals ( Fig. 3B ; ANOVA 201Y: F (2,48) = 4.39, P = 0.018; H24: F (2,51) = 6.59, P = 0.0029; c739: F (2,45) = 5.84, P = 0.0056). Increasing expression of for-T2 in a 30Y pattern partially restored the effect, because the LI was significantly greater than zero, whereas the sitter controls were not ( (1,35) = 0.10, P = 0.75); however, the LI was not significantly increased when compared with the sitter controls (F (2,52) = 0.36, P = 0.70). The partial rescue of 30Y is interesting because 30Y, c739, and 201Y have all been reported to be expressed in a subset of Kenyon cells (KC) in each of four clusters, i.e., calyx, pedunculus, ␤/ lobe, and circumference of the ␣/␦ lobe of third-instar larvae (Tettamanti et al. 1997) . The difference in LI between sitters with increased expression of T2 in a 30Y pattern compared with 201Y, c739, or H24 pattern may potentially be due to differences in expression in different subsets of KCs. Alternatively, this difference may be due to weaker expression of 30Y during early larval instars; 30Y is (ii), c739 (iii), and 30Y (iv) in third-instar larvae were visualized using UAS-GFP. All lines expression in subset of the Kenyon cells staining the calyx, pedunculus, vertical lobe (␣/␦ lobe), and medial lobe (␤/ lobe) of the larval mushroom body (201Y, c739, 30Y larval expression patterns published previously in Tettamanti et al. 1997 ).
(B) Increasing expression of for-T2 in the mushroom bodies using the GAL4 lines 201Y (n = 17/strain) (i), H24 (17-19) (ii), and c739 (iii) (n = 16/strain) in for s larvae is sufficient to significantly increase LI. (iv) Increasing expression of for-T2 in a 30Y pattern in for s larvae significantly increased LI above zero, but did not significantly increase LI compared with the LIs of for s heterozygous control larvae (17-19).
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uniquely expressed in four KC clusters and the calyx in first instars, and additionally in the pedunculus, ␤/ lobe, and circumference of the ␣/␦ lobe in second and third instar larvae (Tettamanti et al. 1997) . Overall, these results suggest that driving expression of for in the mushroom bodies is sufficient to increase olfactory conditioning.
for affects the timescale of memory acquisition Taken together, the above results suggest that rovers are more able to associate an odor with a fructose reward compared with sitters. Recall that sitters, unlike rovers, did not show a conditioned response with three 1-min pairings. Since learned associations must be flexible in nature to take into account a complex and constantly changing environment, we hypothesized that the variants of for may react differently to manipulations of the training paradigm. Specifically, as for affects the time that an animal spends on a food patch, we hypothesized that sitter variants of for might show increased performance, given an increase in the length of training. To test this, we asked whether more odorreward pairings were required for sitters to show a conditioned response. We found that eight 1-min pairings between odor and reward did result in a significant LI in for s and for s2 larvae ( (1,33) = 7.59, P = 0.0059), abolishing between-genotype differences (F (2,50) = 0.62, P = 0.54). Interestingly, the LI of for R larvae may have decreased slightly compared with the LI when the larvae were trained with three odor-reward pairings; however, this difference was not significant. These results suggest that sitters are indeed able to associate an odor with a reward, and that larvae with the different alleles of for respond differently to a change in training trial number to affect LI. The ability of sitters to learn as well as rovers after increasing the number of training trials may be linked to the different foraging strategies of the two variants. Sitters are more likely to spend a longer time on a food patch than rovers (Sokolowski 2001) , and thus may have evolved a learning style that involves more training in order to associate a smell with a food reward accordingly. This brings into question whether different foraging strategies of the two variants are also linked to the ability to retain an association between a smell and taste reward.
Previous work suggests that larvae can remember for up to 30 min post-training (Neuser et al. 2005) . We tested whether rovers (for Figures 1C and 4A -C are replotted, it becomes apparent that for R larvae show higher learning indices when trained with three training trials, whereas for s and for s2 larvae show higher learning with eight training trials: this effect is seen both for immediate retentions (left) and 30-min retention (right). This data suggests that for plays a role in the timescale of memory acquisition and retention. and fructose reward. We found that rovers showed significantly greater LI than sitters when tested 30 min after training ( Fig. 4B ; F (2,47) = 3.61, P = 0.035). This is expected, since sitters do not show LI significantly greater than zero when tested directly after being trained with three 1-min pairings. However, when the larvae are trained with eight 1-min pairings between an odor and fructose, then sitters show significantly greater LI compared with rovers 30 min after training ( Fig. 4C; F (2,48) (1,33) = 15.83, P < 0.0001). Thus, sitters show better memory retention than rovers after having been trained with more trials, but rovers show better memory retention than sitters after using few training trials (Fig. 4D) . This may also be linked to the different foraging strategies of the two variants. Since rovers move more while foraging, they are more likely to come across a greater number of food patches than sitters (Sokolowski 2001) . Thus, as they usually leave a food patch quickly, they need to also form new associations quickly and retain that information for immediate use when searching for the next food patch.
Discussion
While many studies have suggested the importance of cAMP signaling in associative learning (Micheau and Riedel 1999; Fiel et al. 2005; Margulies et al. 2005; McGuire et al. 2005; Hofmann et al. 2006) , our results implicate the cGMP signaling pathway in mediating reward learning and memory. Specifically, our results suggest a novel role for the foraging gene in larval learning and memory. We found that for plays a more robust role in larval olfactory reward conditioning than larval visual reward conditioning. We also found that the role of for in larval olfactory reward conditioning involves the mushroom bodies. Our results suggest that the role of for in olfactory memory is dependent on training experience, suggesting that for may be involved in multiple mechanisms that influence formation of olfactory associations. Our evidence suggests that these mechanisms affect the training experience necessary for memory acquisition and retention. For example, for s larvae respond to an increase in the number of training trials compared with for R larvae. Interestingly, for also plays a role in short-and long-term memory in Drosophila adults, suggesting that these mechanisms may be conserved throughout development (F. Mery, A.T. Belay, M.B. Sokolowski, and T. Kawecki, in prep.) .
for may also play a role in the mechanisms that affect the time-course of training necessary to produce memory acquisition and retention. Our results suggest that increased PKG activity is associated with faster learning, and decreased PKG activity is associated with slower learning. As mentioned above, these differences may be related to the alternative foraging strategies of for R and for s larvae (Sokolowski 1980) . for R larvae move more when foraging, and thus, potentially come across many food patches, whereas sitters move less and potentially stay close to a smaller number of food patches. Thus, it may be advantageous for for R larvae to quickly form an association between a new food source and odor and then use this new information to assess the quality of future food sources. Decreased memory retention may be advantageous for rovers, as previous studies suggest that formation and retention of formed associations can be energetically costly (Dukas 1999; Mery and Kawecki 2005; Barnard et al. 2006) . Conversely, staying longer in a single food patch may result in a delay in the ability to form an association between a food source and odor in for s larvae. However, it may aid in the ability of for s larvae to remember which nearby food patches had been depleted.
Intriguingly, rover adult flies show a slower rate of habituation compared with sitter adult flies upon repetitive presentation of stimuli (Engel et al. 2000; Scheiner et al. 2004) . for R flies show less habituation and generalization of habituation to repeated sucrose stimuli compared with for s and for s2 flies (Scheiner et al. 2004) . This is consistent with a more rapid response decrement of the giant-fiber escape circuit in for s and for s2 flies compared with for R flies as measured electrophysiologically (Engel et al. 2000) . As repetitive stimuli in the form of odor-reward pairings are used in the current study, the decrease in LI seen after increasing the amount of odor-reward pairings may, in part, represent a response decrement to the stimuli.
The differences in olfactory learning and memory due to for may be inextricably linked to the different foraging strategies of the two natural variants. This leads to the question of whether for may play a role in other behaviors associated with foraging and food such as path-integration, territoriality, aggression, and courtship. If so, for may play a role in higher-order reward pathways that mediate these individual behaviors. Interestingly, the mushroom bodies play a role in such complex behaviors, including courtship, courtship conditioning, spatial learning, aggression, and sleep (Zars 2000; Baier et al. 2002; Joiner et al. 2006; Pitman et al. 2006) . Accordingly, the role of the mushroom bodies in for-dependent larval reward learning hints at a role of for in more complex behaviors involving higher-order reward pathways. Future research will provide insight as to whether a role of for in a variety of complex behaviors exists.
Materials and Methods

Strains
Rover and sitter strains are isogenic for chromosomes 2 and 3 and homozygous for the for R or for s alleles, respectively (de Belle and Sokolowski 1987) . for s2 is a sitter mutant generated on the rover genetic background (de Belle et al. 1989; Pereira and Sokolowski 1993) . The for s2 mutation has been mapped to for and it decreases PKG enzyme activity and for transcript levels (de Belle et al. 1989; Osborne et al. 1997) . In order to increase the expression of for, a DNA fragment encoding the complete forT2 amino acid sequence (Kalderon and Rubin 1989) was subcloned into the transformation vector pUAST and transformed into w 1 embryos using standard methods (Spradling and Rubin 1982 Belay, S. Douglas, A. Gibbs, and M.B. Sokolowski, in prep.) . We relied on leaky expression of the hs promoter (Osborne et al. 1997) ; experiments were done at 23°C. Mushroom body drivers 201Y, 30Y, c739 (Yang et al. 1995 ) (donated by Joel Levine, University of Toronto at Mississauga, Canada) were backcrossed nine generations into a w 1 ;for s background. H24 (Melzig et al. 1998 ) (also donated by Joel Levine) was crossed into a w 1 ;for s background via third chromosome substitution. UAS-GFP (Bloomington Stock Center) was crossed onto a w 1 ;for s background via third chromosome substitution. Flies were maintained in 170-mL plastic culture bottles with 40 mL of standard culture medium at 23 ‫ע‬ 1°C and a 12L:12D photocycle. Standard culture medium contained 50 g of Baker's yeast, 100 g of sucrose, 16 g of agar, 0.1 g of KPO 4 , 8 g of sodium potassium tartarate, 0.5 g of NaCl, 0.5g MgCl 2 , and 0.5g Fe 2 (SO 4 ) 3 /L of tap water. Larvae were reared at 25°C from egghatch to mid-third instar (96 ‫ע‬ 3h post-hatch) at densities of 100 larvae/35 mL of medium in 100 ‫ן‬ 15-mm Petri dishes. All tests took place under red light at room temperature (23 ‫ע‬ 2°C) in an otherwise dark fume hood.
Olfactory sensitivity
As in Scherer et al. (2003) , larvae were placed along the midline of a plain agarose plate, on which a 5-mm diameter Teflon odorant cup filled with either 2 µL of pure odorant or dH 2 O was placed opposite an identical 5-mm diameter Teflon odorant cup Natural variation in larval reward learning
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Cold Spring Harbor Laboratory Press on August 14, 2017 -Published by learnmem.cshlp.org Downloaded from filled with either 2 µL of pure odorant or dH 2 O. Odorants used in this study were propyl acetate (PA, VWR) and butanol (BUT, Sigma). Larvae were left on the plate for 3 min. In cases where larvae were given a choice test between an odorant and water, a preference index (PI) was calculated by subtracting the number of larvae on the dH 2 O side from the number of larvae on the odorant side and dividing that number by the total number of larvae on the plate. In cases where larvae were given a choice test between PA and BUT, a preference index (PI) was calculated by subtracting the number of larvae on the BUT side from the number of larvae on the PA side and dividing that number by the total number of larvae on the plate.
Fructose sensitivity
Fructose preference tests were performed on 1% agarose plates with samples of water at one side and fructose solution at the opposite side. Plates were prepared by spreading 100 uL of dH 2 O on one side of a plate and 100 µL of 2.0 M fructose (FRU) solution on the opposite side of the plate, then letting the plate dry in a fume hood for 10 min (see Fig. 1B ). Thirty larvae were placed along the midline of the plate and left for 15 min at 25°C. A preference index (PI) was calculated by subtracting the number of larvae in the dH 2 O semicircle from the number of larvae in the FRU semicircle and dividing that number by the total number of larvae on the plate.
Olfactory conditioning
Olfactory conditioning was performed similarly to Scherer et al. (2003) with modifications for an en masse protocol outline by Neuser et al. (2005) . Larvae were reared at densities of 100 larvae/ 35 mL of medium in 100 ‫ן‬ 1-mm Petri dishes and tested at midthird instar (96 ‫ע‬ 3 h post-hatch). A total of 2.0 µL of pure odorant was used for all training and tests. Larvae were trained in groups of 30, with reciprocal groups trained simultaneously (30 larvae receiving PA paired with 2.0 M fructose-agarose reward were trained at the same time as 30 larvae receiving BUT paired with 2.0 M fructose-agarose reward). In the PA+FRU condition, larvae were given three 1-min pairings of PA with fructoseagarose, alternated with three 1-min pairings of BUT with plain agarose. In the BUT+FRU condition, larvae were given three 1-min pairings of BUT with fructose-agarose, alternated with three 1-min pairings of PA with plain agarose (Fig. 2A) . When testing for the effects of increasing the length of training, larvae were given the above protocol with eight pairings instead of three (Fig. 4A) . Preference indexes (PI) were calculated by subtracting the number of larvae on the PA side from the number of larvae on the BUT side, and dividing that number by the total amount of larvae on the plate. The learning indexes (LI) were calculated by subtracting the PI(BUT+FRU) from the PI(PA+FRU) and dividing that number by two to yield values between 1 and ‫.1מ‬ Orientation of the PA and BUT training plates and sides of PA and BUT during the test were rotated to control for side and placement preferences. The sequence of pairings between odor and reward was also randomized to ensure no effect receiving reward before non-reward plate or vice versa.
Visual sensitivity
Visual sensitivity tests were modified from Sawin-McCormack et al. (1995) . Larvae were placed along the midline of a plain agarose plate, which was divided into two dark quadrants and two light quadrants, each opposite each other, for 45 sec. A preference index (PI) was calculated by subtracting the number of larvae on the dark quadrants from the number of larvae in the light quadrants and dividing that number by the total number of larvae on the plate.
Visual conditioning
Visual conditioning was performed similarly to Gerber et al. (2004a) with the following exceptions. Larvae were reared at densities of 100 larvae/35 mL of medium in 100 ‫ן‬ 15-mm Petri dishes and trained and tested at mid-third instar (96 ‫ע‬ 3 h posthatch). Larvae were trained in groups of 30 with reciprocal groups trained simultaneously (30 larvae receiving light paired with 2.0 M fructose-agarose reward were trained at the same time as 30 larvae receiving dark paired with 2.0 M fructose-agarose reward). In the light+FRU condition, larvae were given three 1-min pairings of light with fructose-agarose, alternated with three 1-min pairings of dark with plain agarose. In the dark+FRU condition, larvae were given three 1-min pairings of dark with fructose-agarose, alternated with three 1-min pairings of light with plain agarose (Fig. 1A) . In a revised test, larvae were given the above protocol with 2-min pairings (Fig. 1B) . Larvae were tested on a plain agarose plate with two dark quadrants and two light quadrants (each opposite each other) for 45 sec. Preference indexes (PI) were calculated by subtracting the number of larvae on the light quadrants from the number of larvae on the dark quadrants, then dividing that number by the total number of larvae on the plate. The learning indexes (LI) were calculated by subtracting the PI(Light+FRU) from the PI(Dark+FRU) and dividing that number by two. Orientation of dark and light training plates and dark and light quadrants in the test plate were rotated to control for side and placement preference. The sequence of pairings between odor and reward was also randomized to ensure no effect receiving reward before nonreward plate or vice-versa. ;for s /c739;UAS-GFP larvae were dissected and fixed for 5 min in a phosphate-buffered saline solution (PBS, 2.5 mM NaH 2 PO 4 , 8.5 mM Na 2 HPO 4 , and 175 mM NaCl at pH 7.4) with 4% paraformaldehyde. After rinsing in PBS and soaking in 60% glycerol for 5 min, samples were mounted and immediately imaged using the Argon-2 laser in a Zeiss Axioplan 2.0 confocal microscope. Images were acquired using a ‫ן02‬ objective and digital zoom. Images were scanned at resolution of 1024 ‫ן‬ 1024 pixels. Z-stacks were acquired with scans taken every 4 µm. Adobe Photoshop CS was used to tile images and to enhance contrast on whole images for Figure 3A .
Fluorescent imaging and microcopy
Statistical analysis
JMP/IN 5.1 was used for all statistical analyses (SAS Institute, Inc.). LI were used for all statistical analysis. One-way analyses of variances (ANOVA) were performed in addition to nonparametric Wilcoxon tests where necessary using P < 0.05 as significant. Levene and Bartlett tests were used to test for unequal variances. Pairwise comparisons were performed with Student NeumanKeuls post-hoc comparisons using P < 0.05 as significant. Wilcoxon tests were used to test significance of LI values against zero to indicate whether larvae showed a significant learning index (using P < 0.05 as significant).
